Abstract-An Active MHD Diagnostic has been installed and operated on Alcator C-Mod to study Toroidal Alfven Eigenmodes (TAEs). The diagnostic consists of two broadband amplifiers and two antennas which can excite stable modes in the TAE frequency range. The plasma response to this excitation is measured by existing magnetic fluctuation diagnostics. Analysis of the fluctuation data provides information about the TAE frequencies and damping rates as well as mode structure. The Active MHD diagnostic has evolved since its first operation in 2002, when it could only operate over a limited, preprogrammed frequency band. Recent improvements include automatic tuning to cover frequencies from 100 to 750 kHz, and an interface to the Alcator C-Mod Digital Plasma Control System (DPCS). The DPCS monitors plasma parameters, calculates the nominal TAE frequency, and adjusts the frequency input to the MHD amplifiers, all in real time. Now the Active MHD Diagnostic can measure TAEs over an entire plasma shot. This paper is focused on the requirements and design of the MHD Amplifiers, particularly the tuning bandwidth. It will also present some preliminary results from the recent run campaign.
INTRODUCTION
A. Toroidal Afve'n Eigenmodes Toroidal Alfven Eigenmodes (TAEs) are MHD phenomena that can contribute to anomalous transport of high-energy fusion particles. This can be problematic in advanced tokamaks, lowering fusion gain and increasing damage to the first wall [1] . We plan to study TAEs on C-Mod by exciting stable modes in the plasma with the Active MHD amplifiers and antennas. We will monitor the plasma response with existing magnetic fluctuation diagnostics, which include 65 magnetic pickup coils distributed toroidally and poloidally around the machine. Analysis of the fluctuation data using synchronous detection (in software) gives the real and imaginary values for the transfer functions between the drive antennas and the individual pickup coils. The TAE frequencies and damping rates are found by fitting polynomials to the transfer functions. TAE mode structure can be inferred by looking at data from multiple pickup coils [2] .
The TAE frequencies depend on the toroidal field and plasma density, as well as a number of machine dependent constants. In Alcator C- Fig. 1 shows the two Active MHD Antennas installed in Alcator C Mod. They are mounted on the outboard wall of the vacuum vessel between G-and H ports, one above and one below the midplane. Each antenna is a fiveturn rectangular coil, 15 cm by 25 cm. The antennas are positioned approximately 2 cm outside the last closed flux surface.
B. Drive Requirements
The current drive requirement for the MHD antennas has been set empirically at 20 A. This is large enough to find TAEs using synchronous detection, and small to avoid interference with other diagnostics.
C. Electrical Characteristics
The inductance of the MHD Antennas is approximately 9 gH. The resistance varies from 0.4 Q at dc to 2 Q at 1 MHz due to skin depth effects. In the TAE frequency range, the antenna impedance is primarily inductive:
D. Electrical Stresses The maximum voltage on the MHD antenna and the maximum power dissipation both occur at 1 MHz, which is our highest operating frequency:
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The peak voltage raises some design issues for the antennas, which face the plasma in a vacuum, but no serious problems for the amplifiers, transmission lines or matching networks. The power required is actually quite modest. Also note that the duty factor of the MHD antenna is less than one percent, typically 5 seconds of operation every 10 minutes. So the average power dissipation in the antenna is only 4 watts.
E. Tuning Bandwidth
In general, some sort of transmission line and impedance matching network are required between an antenna and an amplifier. The values of matching network components are frequency dependent and must be set properly to drive the antenna. 
Sweeping the MHD frequency ±100 kHz at 2.0 MHz/s could require on the order of 100 tuning changes per second. Although it might be possible to build such a fast mechanical or electrical matching network, it would certainly be complicated and expensive.
F. Increase Antenna Loading to Improve Bandwidth
Another way to deal with the tuning problem is to load the antenna with a series resistance. This will increase the effective bandwidth at the cost of increased input power.
The C-Mod MHD amplifiers were designed with an output resistance of 5.5 Q. The bandwidth and input power requirements for this loading are: When all of the switches are open, the output current is zero. However, the output impedance is very high and the load voltage is unconstrained. Interrupting the current in an inductor (the MHD Antenna) predictably generates high frequency switching transients. It is much better to drive the output current and voltage to zero by closing one high-side and one low-side switch simultaneously.
C. Output Harmonics
Fourier analysis of the ideal waveform in Fig. 3 suggests that it is a very good approximation to a sinusoid. The 
D. Digital Frequency Synthesis
The output from the MHD Amplifier depends on the precise control of the MOSFET switches. The MHD Waveform generator uses a modified direct digital synthesis (DDS) technique [5] . The block diagram in Fig. 4 shows the DDS logic, which is implemented in three Atmel ATF1500 CPLDs.
The analog TAE frequency command from the DPCS is converted to a 12-bit binary word and stored in the Frequency Register.
The Phase Accumulator performs a digital integration of frequency to give the instantaneous phase. The seven most significant bits of the Phase Register control the MOSFET switches, which allows for up to 128 time samples per cycle. 
The output frequency can change from minimum to maximum in a single clock cycle. In this implementation, the 10 kHz input sampling clock allows a frequency sweep rate of 10 GHz/s.
F. Tuning and Matching
The transmission lines between the Active MHD amplifiers and antennas are fairly short, approximately one tenth of a wavelength at 1 MHz. In the TAE frequency range, the load impedance at the amplifier is always inductive. This allows us to use a simple matching network, i.e. single series capacitance, to cancel the load inductance.
The relays and capacitors that make up the matching network are shown in Fig. 2 . The Waveform Generator controls the relays and adjusts the antenna tuning automatically.
The switching time for the relays is approximately 20 ms.
A PSpice model was used to look at various tuning configurations. The results are shown in Fig. 5 . With no transmission line, the antenna current and tuning bandwidth are independent of frequency. Unfortunately, the transmission line has a significant and adverse effect on bandwidth, reducing it by a factor of two at low frequencies, and by a factor of ten at 1 MHz. 
IV. ACTIVE MHD DIAGNOSTIC IN OPERATION
The Active MHD Diagnostic ran successfully during the last run campaign. Fig. 6 shows data from C-Mod shot 1050812014 which ran at 5.4 T with a flattop current of 0.8 MA. The shot duration was 1.8 s.
The nominal TAE frequency calculated by the DPCS was close to 500kHz during the flattop. The MHD frequency swept between 400 and 600 kHz several times.
A. Antenna Current and Tuning
The current in the MHD Antenna was greater than 20 A for approximately half of the shot. The tuning at the low end of the frequency range is clearly better than at the high end. There were at least twenty tuning changes during the shot, and several times when the antenna current dropped below 5 A. The MHD Amplifier may be spending as much as 30% of the time during shot adjusting the tuning. It also includes a look-up 
